In recent ycars studies of the clotting of blood have resulted in the chemical identification and isolation of some of the factors involved, and these studies together with clinical observations have contributcd to an as yet incomplcte description of the phenomenon. Investigations on both the morphological and chemical aspects of the problem have been greatly facilitated by the quantities of relatively pure materials made available through methods developed by Cohn and his associates (I--4).
(Received for publication, May 6, 1949) PLAZAS 21 TO 23 In recent ycars studies of the clotting of blood have resulted in the chemical identification and isolation of some of the factors involved, and these studies together with clinical observations have contributcd to an as yet incomplcte description of the phenomenon. Investigations on both the morphological and chemical aspects of the problem have been greatly facilitated by the quantities of relatively pure materials made available through methods developed by Cohn and his associates (I--4).
In contrast to the many physiological and chemical contributions to our understanding of the clotting process, there have been few recently that could be classed as morphological. Howell (5), in 1914, made use of the ultramicroscope to observe the conversion of fibrinogcn to fibrin. He described the end result as "a formation of a meshwork of beautiful needles," and suggested that the matter of greatest interest was to attempt to follow the actual process of formation of these needles. However, he commented that it was in the background of particles beyond the vision of the ultramicroscope that the "needles" or "crystals" of fibrin took their form.
The resolving power of the electron microscope allows observations to be made in this previously inaccessible size range. In an earlier report (6) the authors described the fine structure of clots formed from purified bovine fibrinogcn and thrombin. The techniques used in that study seemed also to be applicable to the study of sequences in the conversion of fibrinogen to fibrin by the action of thrombin.
Materials and Metkods
Inasmuch as the present series of experiments required certain alterations in the previously described techniques, repetition and amplification of some of the details seem necessary.
The fibrinogen and thrombin preparations used in these experiments were generously provided by the Chemical Research and Development Department of Armour and Company, Chicago. The fibrinogen (lot C-185A) contained 79 per cent clottable protein and was furnished in the form of a dried powder of which approximately 40 per cent by weight was sodium citrate. The thrombin had a clotting activity of 27 units per mg. of total weight. These substances were dissolved in buffered physiological saline or in Tyrode's solution as indicated in the figure legends. Determinations of the pH were made with the glass electrode. The solutions were allowed to react at room temperature (22.0-23.0°C.).
Conventional glass microscopic slides (1 inch X 3 inches) were split longitudinally and coated with a thin film of formvar by immersing them in a 0.15 per cent solution of this material in ethylene dichloride and allowing the solvent to evaporate. The resulting film was approximately 200 ]~ in thickness.
A clotting mixture was prepared by the addition of thrombin in buffered saline solution at a concentration of 10 units per cc. to the fibrinogen in similarly buffered solutions at a concentration of 0.06 per cent. To 4.5 cc. of the fibrinogen solution in a short test tube, 0.5 cc. of the thrombin solution was added and mixed rapidly by pipetting. The coated slide was immersed in the clotting mixture, then removed and placed horizontally over water in a covered Petri dish.
After various time intervals arbitrarily selected the polymerization process was interrupted by the exposure of the thin film of clotting mixture to vapors of OsO4 or to the action of a 0.2 per cent solution of phosphotungstic acid. The rapid penetration of the clot film by these fixatives gave reproducible results, apparently satisfactory for the experiments under consideration. After fixation for 10 to 15 minutes, the slide was flooded with distilled water and small portions of the clot-covered film of formvar were peeled away from the glass and mounted on the conventional 3 mm. discs of wire cloth used to support objects for electron microscopy. The preparations were then drained, dried, and examined. Many were later subjected to "shadowing" with gold or chromium or uranium in order to bring out details not readily demonstrated in the preparations not so treated (7) . In some instances the preparations after fixation were dried for 1 to 2 hours over P~O~ before the screens were made.
The formed clot in the test tube was removed and compressed to obtain free fluid for pH determinations, as a first approximation of the measurement of the pH of the forming clot on the microscope slide.
In order to complete the series, slides were also dipped into the solution of fibrinogen (without thrombin), fixed in vapors of OsO4, washed, and mounted. These were supplemented by preparations in which the fibrinogen and fibrinogen-thrombin mixtures were nebulized onto coated screens after fixation (Fig. i) .1
Because of the significant variations in clot structure induced by changes in pH as previously reported (6, 8) , these experiments in clot formation were carried out over as narrow a range of hydrogen ion concentration as was practicable. The pH chosen was that at which polymerization was known to result in well defined fibers.
Observations
The following description of the clotting process is an attempted integration of impressions gained from the study of many micrographic fields in each preparation. It must be stressed that clotting is a continuous process and that x The authors are indebted to Dr. Robley C. Williams of the University of Michigan for suggesting nebulization as a means of providing adjacent surfaces of supporting membrane and material being studied.
until the process was completed various stages could be found at each of the arbitrary time intervals selected.
Fibrinogen, placed on the supporting formvar film without being exposed to the action of thrombin, appeared as a finely particulate film in which there was random arrangement of densities and no clear evidence of fibriUar structure ( Figs. 1 and 2) .
The first evidence of the clotting process was seen in the films prepared from the clotting mixture 15 seconds after mixing the fibrinogen and thrombin solutions. The particulate densities showed arrangement into short chains (Figs. 3, 4 , and also in background of other figures). In scattered areas there were small needle-like structures which apparently had resulted from the lateral association of several of these short chains of particles, or protofibrils (Figs. 4 to 7).
As the clotting process progressed, the needle-like structures increased in length and diameter apparently by association with others of similar size and by the continued addition of more fibrinogen. In any preparation in which clotting had been allowed to proceed for about 30 seconds it was possible to find these slender spindle-shaped (tactoid-like) fibrils in a continuous series of sizes (Fig. 6 ).
At these and later stages the larger fibrils (referred to below as unit fibers) demonstrated a similar tendency to aggregate. They seemed to be influenced to align themselves in association with other formed fibrils lying in random arrangement in various planes. This alignment was by lateral association along the long axes of the fibers and particularly by the lateral association of their tapering ends (Figs. 5 to 7). The number of such fibers coming together in lateral association to form the compound fibers of the developing clot increased with time. It was apparent that portions of some of these fibers lay in association with more than one compound fiber so that interconnections were formed giving the appearance of branching of the resultant strands (Figs. 7 to 9). This of course provided as well tridimensional continuity to the framework of the clot. A striking feature of the formed bundles was that the unit fibers retained their identity within the strands (Figs. 8 and 9). A possible significance of this is discussed subsequently.
The appearance of the completed clot was described in the previous report (6) . The striking regularity of the coinciding densities or cross-striations of the crystal-like fibers and the fibers formed of fibrils in lateral association was again obvious in the preparations made for these present experiments (Fig. 9 ).
DISCUSSION
The formation of crystal-like structures was a striking feature of the clotting process as observed under the conditions of these experiments and was described by Howell and others using comparable systems for study by means of the ultramicroscope. In addition, the identity of these crystal-like fibers was retained in the compound fiber strands after the lateral association of the unit fibers. It does not seem to us, therefore, that the tridimensional network of fibers which is the mature clot can be described as a continuous three dimensional polymerization. The evidence from light and electron microscopy suggests rather that the crystal-like unit fibers are formed first and as a final stage these associate to form the rigid clot.
It is of interest to note that Ferry and Morrison, studying the clotting time of similar systems, observed that the effect of pH was opposite to what might have been expected. Increasing pH increased the fineness of the clot and if this were due to a change in fibrinogen interaction, a prolongation of clotting time was to have been expected; actually the time was shortened (8) . Our own observations indicate that in clots formed at an alkaline pH the tendency for lateral association of unit fibers or crystals was markedly decreased and the greater number of small fibers that were formed became associated as such to form the fine transparent clot (6) . As a result of this the clot more nearly resembled the meshwork that one might expect from polymerization alone (8) without the formation of discrete crystals and then subsequent alignment into fibers. Hence, this type of clot might be more simply and more rapidly formed than the "coarse" clot (pH 6.5) in the formation of which a lateral association of unit fibers to form larger needle-like crystals is a striking characteristic.
A morphological description of the clotting process invites speculation as to changes at the molecular level. The available data compiled from physical constants measured on some preparations of human fibrinogen have been presented by EdsaU, Foster, and Scheinberg (9). Nanninga (10) has studied bovine fibrinogen prepared by salting out with ammonium sulfate. He obtained a molecular weight of 441,000 by measurements of osmotic pressures and a value from viscosity studies indicating an axial ratio (prolate ellipsoid) of approximately 20 to 1, from which he concluded that the molecular length was 725/~. This deduced model is remarkably close to that proposed by Edsall and his associates. However, as EdsaU pointed out, the discussion and deductions presupposed that the fibrinogen molecule is rod-shaped. He added that a model consisting of a disk-shaped, oblate ellipsoid reproduces all the experimental data at least as well as any of the prolate ellipsoidal molecules. This disk-shaped model would only be about 9.8/~ thick at the center with a diameter of 343/~. Edsall considered such a model to be highly dubious. However, he felt it conceivable "that the fibrinogen molecule might be built up of a peptide chain coiled around itself in a single plane in such a manner as to form a flat disk" and speculated that the initial "action of thrombin on fibrinogen would then presumably be the loosening of the attachments holding the different portions of the disc together, so that the molecule could uncoil into a long, thread-like structure" (9) .
Studies by Bailey, Astbury, and Rudall (11), using the technique of x-ray diffraction, indicated that fibrinogen and fibrin belonged to the keratin-myosin group of fibrous proteins. Further, they concluded from their observations that fibrin is no other than an insoluble modification of fibrinogen without any fundamental change in molecular plan, though it is in a higher state of aggregation, as is evidenced by its greater internal cohesion and the ease of transformation from the a-keratin kind of x-ray diffraction pattern to the B-keratin kind by stretching.
Attempts at visualization of unclotted fibrinogen by various electron-micrographic techniques with which the authors are acquainted have thus far failed to show elongated fibriUar structures, although one might expect resolution of structures of the order of magnitude of the proposed rod-shaped molecule (700/~ X 30/~) especially in metal-shadowed preparations. Instead, only single particulate bodies are observable ~ (Figs. 1 and 2) .
As has been previously described (6), a striking feature of all the clots studied is cross-striation of the fibers (Figs. 9 and 11 ). The periodicity of these striae is quite constant throughout, approximately 250/~. Similar periodically recurring densities are illustrated in the forming crystal-like structures de--scribed in the present experiments.
In an attempt to correlate the observations derived from the studies of double refraction of flow, specific viscosity, sedimentation constant, and molecular weight of fibrinogen in solution, with the observations made on the x-ray diffraction patterns of fibrinogen and fibrin, and with our own observations made on the material prepared for study by means of the electron microscope, we propose the following speculations:
The initial conversion of fibrinogen molecules to protofibrils of fibrin results from the thrombin-catalyzed interaction between disk-shaped molecules which may become aligned edge to edge as well as face to face (Fig. 12) .
The resulting fibril would show periodically recurring densities in electron micrographs of either the faces or the edges of the disks presented (see protofibrils in Figs. 3 and 10) , if one makes the assumption that the regions of greatest opacity to the electron beam correspond to the greatest volume of protein material presented to that beam. The dehydration of the fibrin prepared for study in the vacuum of the electron microscope would be expected to reduce somewhat the dimensions of the individual molecules. The association of several such protofibrils, as illustrated in Fig. 13 , and the simultaneous addition In addition to the procedures described in the text, fibrinogen solutions have been examined after rapid freeze-dry treatment and also after replica procedures designed to eliminate the confusing image of the formvar or collodion film. of more fibrinogen molecules would yield the small needle-like crystals or unit fbers characteristic of the earlier stages of clotting (Figs. 4 and 5 ).
The observations we have presented are morphological. No conclusions are drawn as to the chemical changes in fibrinogen, presumably intermolecular, instituted by the action of thrombin, or the nature of the bonding by which the units are held together. It would seem that the forces responsible for the formation of protofibrils as well as the precise lateral association of these and the much larger crystal-like unit fibers must operate over relatively large distances when one takes into account the extreme dilutions at which clotting can be effected 8 and the pronounced asymmetry of the structures involved.'
StrM~ARy
The observed sequences in the formation of clots from purified bovine fibrinogen and thrombin are described. Under the conditions of these experiments, it appears that fibrinogen molecules are polymerized by the action of thrombin to form needle-shaped, crystal-like protofibrils which then become aligned into fiber strands by lateral association. The integrity of the unit fibrils is maintained within the strand.
A model of the fibrinogen molecule is proposed which may satisfy the reported physical constants, data from x-ray diffraction studies, and observations made upon electron micrographs. 4 Since the submission of this report for publication, the observations of Cecil E. Hail have been published in The Journal of Biologival Cl~n~try, June, 1949. Inasmuch as this investigator has used techniques of preparation which differ somewhat from those described in this report, it is difficult to make direct comparisons. It seems possible to us that the fibriUar structures illustrated and described by Hail represent fibrinogen partially associated because his iilustrations closely resemble the background fibrillar material observed by us in fibrinogenthrombin preparations but not in fibrinogen alone. It deserves mention that in the preparation of electron microscope specimens of this sort, adsorptive, denaturing, and drying effects are always present. Fixation was continued for 10 minutes. The preparation was then immersed in water and portions of the protein-covered film were mounted on screens, drained, and dried. It was subsequently shadowed with gold at an angle of 10 °. Note the particulate character of the material and the unorganized distribution of the particles. × 28,500.
FIG. 3. Electron micrograph of fibrinogen-thrombin mixture taken on a screen prepared by the same procedure as that used for the material shown in Fig. 2 . The starting material in this case was a mixture of 9 parts of a 0.06 per cent solution of fibrinogen in Tyrode's solution (pH 7.1) and 1 pa~t of a solution of thrombin (10 units/ml.) in the same fluid. As soon as the two components had been mixed the coated slide was immersed in the mixture and at the end of 15 seconds, it was withdrawn and flooded with a 0.2 per cent solution of phosphotungsticacid. It can be seen that, under the influence of the thrombin, the particulate material is organized into strands or protofibrils. These obviously vary some in width, but the more commonly occurring, fundamental strand measures between 200 and 230/~. X 28,500.
FIG. 4. Electron micrograph showing the earliest development of unit fibers, apparently from the union of several protofibrils. The preparation was made in the same way as that examined for Fig. 3 except that clotting (at pit 6.7) was notinterrupted until after 25 seconds. Fixation was performed with 0.2 per cent phosphotungstic acid in water. The background shows the development of protofibrils characteristic of all fibrinogen-thrombin preparations. X 23,000.
PLATE 22
Fro. 5. Electron micrograph of an unshadowed preparation of clotting mixture in which the clotting process (at pH 6.7) was interrupted after 30 seconds. Material was fixed and stained with 0.2 per cent phosphotungstic acid. The unit fibers in the center of the picture appear to be developing from an aggregation of protofibrils. The banded or striated structure characteristic of the larger fibrin strands can be detected also in a few of these small unit fibers. X 20,500. Fig. 6 . Clotting (at pH 6.3) was allowed to continue for 150 seconds. The preparation was fixed with OsO4 for 10 minutes, dried, and subsequently made into screens. It can be seen that the strands are compound in structure; i.e., made up of several unit fibers or needle-like crystals of the sort shown less closely associated in Fig. 6 . Some of the unit fibers form connections between the larger strands, having one end attached to one fiber and the other end to another fiber. It is characteristic for unit fibers formed at this lower pH to be relatively straight and apparently rigid. The striated structure of the fibers (which is shown in Figs. 9 and  11 ) and the protofibrils of the background are hidden by the relatively large amount of unpolymerized protein (non-fibrous) present when the preparation was dried. Preparations fixed with either OsO4 or phosphotungstic acid and made into screens without previous drying (Figs. 4, 7 , and 11) are cleaner and reveal more of the fine structure. X 12,500. PLATE 23   FIG. 9 . This micrograph shows a few strands of a clot formed during 150 seconds. The clotting mixture was the same as that used for the previous preparations. It is presented to show that periodicity of structure developed under the conditions of this study as it had in earlier work. The period measures 250 fit. X 40,500.
Fxo. 10. Electron micrograph to show beaded character of dried protofibrils. They were developed in a mixture of fibrinogen and thrombin within 15 seconds after mixing. The width of the fibrils ranges from 200 fit to 230 fit and the average distance between the particles or beads within the fibrils is of the same order. They are shown here for comparison with the model in Fig. 12 . X 38,000.
FIc. 11. Electron micrograph of a shadowed preparation of larger fibrin strands to show the beaded or furrowed character of the surface of the mature fiber. The elevations in the fiber surface coincide with the dense striations. Presented for comparison with Fig. 13 . X 36,500.
FIG. 12. A model of a protofibril of fibrin, constructed out of disc-shaped unit particles or presumptive molecules. It is proposed that thrombin in some way activates the fibrinogen particles to adhere face to face and polarizes them so that at certain points they attach edge to edge. The shape of the particles is not strictly in keeping with that of the oblate ellipsoid of resolution proposed by Edsall ef aI. (9) . For instance, the vertical section is not a smooth ellipse and the vertical axis is too long for the diameter, but for the purposes of this crude interpretation the model is probably adequate. The surface markings on the individual discs are merely incidental to their construction and without significance. X 330,000.
FIG. 13. Model illustrating the proposed development of a small needle-like crystal or unit fiber from the association of three protofibrils such as are shown in Fig. 12 . With the disc viewed from the edge in this manner the model accounts for the striated appearance of the unit fiber. The electron image of such a structure would appear striated, however, whether viewed from the edge or face, because the greatest amount of electron-scattering material is concentrated in the central portion of the particle. Presumably the protofibrils can and do associate edgewise as well as face to face. Assuming a periodicity of 250 fit the magnification of the model is about 330,000.
